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Abstract
We analyze the effects of including ∆(1232) isobars in an equation of state (EoS) for cold, β-stable
neutron star matter, employing relativistic nuclear mean field theory. The selected EoS reproduces
the properties of nuclear matter and finite nuclei and, in the astrophysical context, allows for the
presence of hyperons in neutron stars having masses larger than 2M. We find that the composition
and structure of neutron stars is critically influenced by the addition of the ∆ isobars, which allows
us to constrain their interaction with the meson fields taking into account astrophysical information.
Imposing that the EoS is stable and ensures the existence of 2M neutron stars, as well as requiring
agreement with data of ∆ excitation in nuclei, we find that, in the absence of other mechanisms
stiffening the EoS at high densities, the interaction of the ∆ isobars with the sigma and omega meson
fields must be at least 10% stronger than that of the nucleons. Moreover, the neutron star moment of
inertia turns out to be sensitive to the presence of ∆ isobars, whereas the inclusion of ∆ isobars in the
EoS allows for smaller stellar radii and for a lower value of the tidal deformability consistent with the
analysis of the GW170817 merger event.
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1. INTRODUCTION
Neutron stars (NSs) are the most compact objects
known without an event horizon (Shapiro & Teukolsky
1983). Their cores contain strongly interacting matter
that is several times denser than the matter at the cen-
ter of nuclei. The properties of NSs primarily depend on
the equation of state (EoS) of isospin-rich strongly inter-
acting cold dense matter. Even though the EoS around
saturation density can be determined from several ex-
perimental sources, mainly from the properties of nuclei
and from the analysis of heavy-ion collisions, the large
densities at the center of NSs have not been reached ex-
perimentally, and the characteristics of their innermost
core remain largely unknown.
In order to model the EoS for predicting the struc-
ture and composition of matter in these extreme condi-
tions, a variety of phenomenological theories, which take
into account effective particle interactions, phase tran-
sitions and general relativity, have been developed, see
e.g. Shapiro & Teukolsky (1983); Glendenning (1997);
P. Haensel A.Y. Potekhin (2007). By providing unique
constraints on the tidal deformability of NSs, the re-
cent GW170817 detection by the LIGO-Virgo collabo-
ration of gravitational waves from the merger of a binary
NS system (Abbott et al. 2017, 2018, 2019) has stimu-
lated further interest to explore the sensitivity of the
NS properties on the EoS at large baryon density and
isospin asymmetry. Since the tidal effects are strongly
dependent on the stellar compactness, a measurement of
the tidal deformability offers insights into the underly-
ing EoS and the possibility to discriminate among EoSs
that predict similar maximum NS masses but different
NS radii.
The composition of a NS is driven by the so-called
β-equilibrium condition, which establishes equilibrium
among weak interaction processes, imposing charge neu-
trality and baryon number conservation. A NS consists
mostly of neutrons, protons, and electrons. However,
due to the large values of the nucleon chemical poten-
tial at the large inner densities, the conversion of nu-
cleons to hyperons is energetically favorable. The ap-
pearance of hyperonic degrees of freedom relieves the
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2Fermi pressure exerted by baryons and makes the EoS
softer, which generally leads to a reduction of the maxi-
mum possible mass of NSs below 2M, in disagreement
with some observations (Demorest et al. 2010; Anto-
niadis et al. 2013), especially with the very recent value
of 2.17+0.11−0.10 solar masses reported for the millisecond
pulsar J0740+6620 in Cromartie et al. (2019). Nev-
ertheless, it is still possible to fine tune the models
to fulfill the conditions imposed by recent observations
and many theoretical studies regarding the presence of
hyperons in the core of neutron stars have been con-
ducted to achieve this goal, see Chatterjee & Vidan˜a
(2016) and references therein. In this respect, rela-
tivistic mean field (RMF) models are especially power-
ful because they offer an effective and practical way to
deal with the intricacies of the nuclear many-body prob-
lem at the high densities present in NSs (Glendenning
1997; P. Haensel A.Y. Potekhin 2007). These models
rely on a few parameters—essentially meson-baryon cou-
pling constants—that reproduce well-known properties
of ordinary nuclei and assume plausible extrapolations
to higher densities within a natural covariant framework.
Comparatively, less work has been done to study the
presence of ∆(1232) isobars in NSs, as early studies in-
dicated that these particles would only appear at much
higher densities than the typical ones in NS cores (Glen-
denning 1985). A strong correlation between the ap-
pearance of ∆ isobars and the ρ-meson coupling con-
stant or, relatedly, the value of the symmetry energy in
strongly interacting matter was pointed out. This type
of study has been revisited in recent years (Drago et al.
2014b; Cai et al. 2015; Zhu et al. 2016; Li et al. 2018)
in the light of the recent tight constraints obtained on
the symmetry energy at saturation density and its slope,
permitting a better extrapolation of the models to de-
scribe the dense and highly isospin-asymmetric condi-
tions of NS matter. Indeed, the recent theoretical stud-
ies have shown that ∆ particles may appear between 2
to 3 times nuclear matter saturation density, in com-
petition with the onset of hyperons, and still have the
potential to support 2M stars and to produce canon-
ical 1.4M stars with relatively small radii below ∼13
km, as suggested by the latest astrophysical analyses, see
e.g. Fortin et al. (2015); Ozel et al. (2016); O¨zel, Feryal
and Freire, Paulo (2016); Na¨ttila¨ et al. (2016); Lattimer
& Prakash (2016); Abbott et al. (2018). The presence
of ∆ baryons may also lead to reduced tidal deformabil-
ities (Li & Sedrakian 2019) and bring them closer to the
values measured from the gravitational waves emitted in
the binary NS merger GW170817 (Abbott et al. 2017,
2018, 2019). The situation is, however, far from being
settled. For instance, a recent study based on the quark-
meson-coupling model, in which the ∆-nucleon mass
splitting emerges from a spin- and density-dependent
one-gluon-exchange interaction, predicts a strongly re-
pulsive ∆ potential in dense matter, thus preventing the
∆ isobars from appearing at all in NSs (Motta et al.
2019).
The aim of the present work is to analyze the interplay
between ∆ particles and hyperons in NSs and the impli-
cations for the properties of the star compared with the
astrophysical observations, using the EoS of the recent
fine-tuned RMF model FSU2H of Tolos et al. (2017a,b).
This model allows for the presence of hyperons in NSs,
while reproducing the properties of infinite nuclear mat-
ter and finite nuclei, the EoS constraints deduced from
heavy-ion collisions, the symmetry energy and its den-
sity slope, and is compatible with the 2M observations
as well as with relatively small radii for canonical NSs of
1.4M (also see Negreiros et al. (2018) for an applica-
tion of the model to cooling simulations). We will show
that the presence of ∆ isobars, which competes with that
of hyperons, does not compromise the good features of
the model for reasonable values of the ∆ coupling pa-
rameters. Indeed, we find that for compact stars that
harbor strangeness in their dense interiors it is impor-
tant to take into account the ∆ degrees of freedom in
the stellar composition in order to satisfy at the same
time the observational constraints of massive NSs, small
stellar radii, and the tidal deformability values obtained
by LIGO-Virgo from the GW170817 event. We also find
that the consideration of these astrophysical bounds fa-
vors a ∼10%–30% deeper potential for the ∆ isobars
than for the nucleon in nuclear matter at normal den-
sity, an aspect of the ∆ interaction that thus far is not
fully resolved from the laboratory experiments (Ericson
& Weise 1988; Horikawa et al. 1980; Nakamura et al.
2010; Lehr et al. 2000; O’Connell & Sealock 1990). Fi-
nally, we have noticed that the moment of inertia of
NSs is sensitive to the presence of the ∆ baryons. The
latter contribute to improve the agreement with recent
EoS-independent constraints (Landry & Kumar 2018)
on the moment of inertia of the primary component of
the double pulsar PSR J0737-3039.
The paper is organized as follows. In Section 2 we
describe the main features of the model of the equation
of state, whereas in Section 3 we summarize the calcula-
tion of the mass, radius and tidal deformability of NSs.
In Section 4 we discuss our results and our conclusions
are given in Section 5.
2. EQUATION OF STATE
The RMF theory (Serot & Walecka 1986) provides
a Lorentz-covariant description of the microphysics of
3the EoS of dense matter (Glendenning 1997). In this
work we study the properties of NSs by computing the
EoS with the hyperonic RMF model FSU2H that we
introduced in Tolos et al. (2017a,b) supplemented by
the ∆(1232) degrees of freedom. Altogether, the model
contains the octet of the spin-1/2 light baryons (n, p, Λ,
Σ−,0,+, Ξ−,0), as in the FSU2H case, plus the quartet of
the spin-3/2 ∆ baryons (∆−,0,+,++). In the RMF the-
ory the baryons are represented in terms of Dirac spinors
and the interactions among the baryons are described
through the exchange of virtual mesons. The mesons of
our model comprise a scalar-isoscalar σ meson that pro-
vides the baryon-baryon attraction, a vector-isoscalar
ω meson that provides the repulsion among baryons, a
vector-isovector ρ meson that accounts for the isospin
dependence of the interaction, and a vector-isoscalar φ
meson that couples to the hyperons. Including electrons
and muons for the leptons present in cold catalyzed neu-
tron star matter, the Lagrangian density can be writ-
ten as
L=
∑
b
Lb +
∑
∆
L∆ +
∑
l
Ll + Lm, (1)
where (we use units ~ = c = 1 throughout this work):
Lb= Ψ¯b(iγµ∂µ −mb + gσbσ − gωbγµωµ
− gρbγµ~Ib ·~ρµ − gφbγµφµ)Ψb,
L∆ = Ψ¯∆(iγµ∂µ −m∆ + gσ∆σ − gω∆γµωµ
− gρ∆γµ~I∆ ·~ρµ)Ψ∆,
Ll = ψ¯l(iγµ∂µ −ml)ψl,
Lm= 1
2
∂µσ∂
µσ − 1
2
m2σσ
2 − κ
3!
(gσNσ)
3 − λ
4!
(gσNσ)
4
− 1
4
ΩµνΩµν +
1
2
m2ωωµω
µ +
ζ
4!
(gωNωµω
µ)4
− 1
4
~Rµν · ~Rµν + 1
2
m2ρ~ρµ ·~ρµ
+ Λωg
2
ρN~ρµ ·~ρµg2ωNωµωµ
− 1
4
PµνPµν +
1
2
m2φφµφ
µ. (2)
The subscripts b and ∆ run over the baryon octet and
the ∆ quartet, respectively, whereas the subscript l runs
over the electrons and muons. The field Ψb is the baryon
Dirac field, Ψ∆ is the Rarita-Schwinger field for the ∆
isobars, and ψl is the lepton Dirac field. The strong
interaction couplings between the different baryons and
mesons are denoted by g, whereas the ~I vector stands for
the isospin operator. The Lm term contains the contri-
bution from the free meson fields. The quantities Ωµν ,
~Rµν and Pµν denote the strength tensors of the ω, ρ
and φ meson fields, respectively. The κ and λ couplings
associated with the non-linear self-interactions of the σ
field (Boguta & Bodmer 1977) are responsible for re-
ducing the value of the nuclear matter incompressibility
to within the experimental range. The main effect of
the ζ self-coupling of the ω meson is to soften the EoS
in the high-density sector (Mueller & Serot 1996). Fi-
nally, the Λω coupling of the quartic isoscalar-isovector
interaction between the ω and ρmesons allows one to ad-
just the density dependence of the nuclear symmetry en-
ergy (Horowitz & Piekarewicz 2001; Chen & Piekarewicz
2014, 2015).
From the above Lagrangian one derives in the stan-
dard way the energy density of the system. Working
in the mean-field approximation, where the meson fields
are replaced by their ground-state expectation values,
namely, σ¯ = 〈σ〉, ω¯ = 〈ω0〉, ρ¯ = 〈ρ03〉, and φ¯ = 〈φ0〉
(under time-reversal symmetry and charge conservation,
only the time components of the vector fields and the
third component in isospin space of the ~ρ field con-
tribute), the result is (Tolos et al. 2017a,b)
=
∑
b
b +
∑
∆
∆ +
∑
l
l +
1
2
m2σσ¯
2 +
1
2
m2ωω¯
2
+
1
2
m2ρρ¯
2 +
1
2
m2φφ¯
2 +
κ
3!
(gσN σ¯)
3 +
λ
4!
(gσN σ¯)
4
+
ζ
8
(gωN ω¯)
4 + 3Λω(gρNgωN ρ¯ ω¯)
2. (3)
The contributions
∑
b b,
∑
∆ ∆, and
∑
l l from the
baryons of the octet, the ∆ isobars, and the leptons are
obtained as analytical expressions of the Fermi momenta
of the particles and their effective masses (m∗b = mb −
gσbσ¯, m
∗
∆ = m∆ − gσ∆σ¯, m∗l = ml), cf. Tolos et al.
(2017a,b).
The pressure of the system can be obtained as
P =
∑
i
µini − , (4)
where ni are the densities of the different particles and
µi are their chemical potentials. The latter take the
expressions
µb= (k
2
Fb +m
∗
b
2)1/2 + gωbω¯ + gρbI3bρ¯+ gφbφ¯, (5)
µ∆ = (k
2
F∆ +m
∗
∆
2)1/2 + gω∆ω¯ + gρ∆I3∆ρ¯, (6)
µl = (k
2
Fl +m
2
l )
1/2, (7)
where kFb, kF∆ and kFl are the Fermi momenta of the
baryons, ∆ isobars and leptons, respectively, and I3 de-
notes the third component of the isospin operator, with
the convention that for protons we have I3p = +1/2.
The conditions of charge neutrality and β-equilibrium
4of the matter in the NS core impose the following re-
quirements on the particle densities ni and chemical po-
tentials µi:
0 =
∑
i=b,∆,l
qini, (8)
µi= biµn − qiµe, (9)
where qi and bi are the electrical charge and baryon
number of particle i. For a given baryon density n such
that
n =
∑
i=b,∆
ni, (10)
the equations of motion for the meson fields and the
different particle species are solved self-consistently, un-
der the restrictions presented in Eqs. (8)–(10), in order
to obtain the chemical potential and the corresponding
density of each of the species. One is thereby able to de-
termine the composition of the stellar matter as a func-
tion of the baryonic density and the relation between
the energy density and pressure (EoS) of the system.
For the nucleon and hyperon interactions we adopt
the RMF parametrization FSU2H (Tolos et al. 2017a,b),
with the values of the coupling constants and masses
given in Table 1 of Tolos et al. (2017b). This model
predicts realistic properties for ordinary nuclear matter,
with a saturation density n0 = 0.1505 fm
−3, satura-
tion energy per particle E/A = −16.28 MeV, incom-
pressibility K = 238 MeV, symmetry energy Esym =
30.5 MeV, and density slope of the symmetry energy
L = 3n0(∂Esym(n)/∂n)|n0 = 44.5 MeV. It also pro-
vides a good description of the ground-state properties
of atomic nuclei (Tolos et al. 2017a,b). In the hyper-
onic sector, we have determined (Tolos et al. 2017a,b)
the values of the couplings between the hyperons and
the vector mesons using SU(3)-flavor symmetry, the vec-
tor dominance model and ideal mixing for the ω and φ
mesons (Schaffner & Mishustin 1996; Banik et al. 2014;
Miyatsu et al. 2013; Weissenborn et al. 2012; Colucci &
Sedrakian 2013). In the case of the coupling of the Λ-
hyperon to the φ-meson, we have allowed for a reduction
of 20% from its SU(3) value in order to reproduce the
ΛΛ bond energies (Ahn et al. 2013). Regarding the cou-
plings of the hyperons to the scalar σ-meson, we have
adjusted them for describing laboratory data on hyper-
nuclei, in particular the hyperon optical potential. The
values that we consider in the present work for the cou-
plings gσ∆, gω∆, and gρ∆ between the ∆ resonance and
the mesons are discussed later in the section of results.
As a final condition on the EoS with the ∆ degrees of
freedom, we will demand the resulting EoS to be stable
(i.e., dP/d > 0 for all considered densities) and stiff
enough as to ensure the existence of NSs with masses
larger than 2M, in agreement with recent observations.
These two restrictions will have a crucial influence on
limiting the possible values for the ∆ couplings.
The calculation of the structure and properties of a
NS, such as the mass and the radius, requires the knowl-
edge of the relation between pressure and energy density
not only in the uniform matter of the liquid core but also
in the solid crust of the star. The EoS for the inner crust
with the FSU2H interaction has been recently computed
in Provideˆncia et al. (2019). This allows us to describe
with FSU2H the EoS for NSs in a unified way at the
level of the core and the inner crust of the star. For the
external layers of the crust, i.e., the outer crust, we em-
ploy the widely used EoS of Baym-Pethick-Sutherland
(BPS) (Baym et al. 1971), which is strongly constrained
by nuclear physics data.
3. STELLAR STRUCTURE
The structure of NSs is affected by general relativis-
tic effects. Imposing hydrodynamic equilibrium of the
star within General Relativity yields the set of differ-
ential equations known as Tolman-Oppenheimer-Volkoff
(TOV) equations:
dP (r)
dr
=−G
r2
[(r) + P (r)]
[
m(r) + 4pir3P (r)
]
×
[
1− 2Gm(r)
r
]−1
(11)
dm(r)
dr
= 4pir2(r), (12)
where G is the gravitational constant, r is the distance
to the center of the star and m(r) is the mass enclosed
within a sphere of radius r. Once the EoS of stellar
matter is supplied, the TOV equations can be integrated
from the origin with initial conditions m(0) = 0 and an
arbitrary value for the central energy density (0) = c
until the pressure vanishes. The point R where P (R) =
0 defines the radius and total mass, M = m(R), of the
star.
Pressure plays a fundamental role in the determina-
tion of the structure of relativistic stars, as it is ulti-
mately responsible for the existence of a limiting mass
in these objects (Glendenning 1997). The specific values
of the mass and radius of NSs are linked to the details
of the EoS, a fact that offers a way to test the validity
of the different models (and to constrain their parame-
ters), by requiring that they can reproduce the observed
heavy NS masses of around 2M (Demorest et al. 2010;
Antoniadis et al. 2013) and predict radii below ∼13 km
for canonical NSs of 1.4M, as suggested by recent as-
trophysical extractions of NS radii (Fortin et al. 2015;
Ozel et al. 2016; Na¨ttila¨ et al. 2016; O¨zel, Feryal and
5Freire, Paulo 2016; Lattimer & Prakash 2016; Abbott
et al. 2018). In particular, the maximum NS mass pre-
dicted by an EoS strongly depends on the stiffness of
the core, which is known to become softer with the ap-
pearance of hyperons (Tolos et al. 2017a) and ∆ isobars
(Drago et al. 2014b).
In a coalescing binary system of two NSs, the com-
ponent stars experience a quadrupole deformation due
to the gravitational tidal field caused by their compact
companion. The tidal deformation effect on a NS is char-
acterized by the so-called tidal deformability λ, which
is defined as the ratio between the induced quadrupole
moment and the external tidal field (Flanagan & Hin-
derer 2008). The tidal deformability λ can be expressed
in terms of the dimensionless second tidal Love number
k2 and the radius of the star as follows (Flanagan &
Hinderer 2008; Hinderer 2008):
λ =
2
3
R5
G
k2. (13)
The Love number k2 is calculated by solving an ad-
ditional differential equation self-consistently with the
integration of the TOV equations (Hinderer 2008; Hin-
derer et al. 2010; Postnikov et al. 2010). The global tidal
effect of the two NSs in an inspiraling binary is described
by the mass-weighted tidal deformability (Flanagan &
Hinderer 2008; Hinderer et al. 2010; Damour & Nagar
2009):
λ˜ =
1
26
(
M1 + 12M2
M1
λ1 +
M2 + 12M1
M2
λ2
)
, (14)
where λ1 and λ2 are the tidal deformabilities of the two
component stars and M1 and M2 are their masses (if
M1 = M2, then λ˜ = λ1 = λ2). The same quantity can
be expressed in dimensionless form as
Λ˜ =
32
G4(M1 +M2)5
λ˜. (15)
During the early stages of an inspiral, the phase of the
gravitational wave signal is determined to leading order
by Λ˜ (Flanagan & Hinderer 2008; Favata 2014). As the
tidal deformabilities depend on the EoS—recall Eq. (13),
measurements of Λ˜ from the gravitational waves emitted
in a binary NS merger, such as the GW170817 event
(Abbott et al. 2017, 2019), are a potential probe of the
underlying EoS of the matter of compact stars.
4. RESULTS AND DISCUSSION
The EoS presented in Sec. 2 depends on the strong
interaction couplings of the baryons to the meson fields
(denoted by gmb with m = σ, ω, ρ, φ) and on the param-
eters of the self-interactions of these fields (κ, λ, ζ and
Λω). We employ the values of the FSU2H model (Tolos
et al. 2017a,b) (see Table 1 of Tolos et al. (2017b)), with
the proviso that the incorporation of the ∆ degrees of
freedom introduces three new free parameters, i.e., gσ∆,
gω∆ and gρ∆. As is customary, in the discussion that
follows we will treat the values of these parameters in
terms of the ratios to the meson-nucleon couplings:
xσ∆ =
gσ∆
gσN
xω∆ =
gω∆
gωN
xρ∆ =
gρ∆
gρN
. (16)
Even though the couplings of the ∆ isobars with the
meson fields are poorly constrained due to the limited
existence of experimental observations, some informa-
tion is available that may be used to restrict their values
within some range. While most of the phenomenological
analyses advocate for an attractive ∆-nucleus potential,
no consensus has been reached on its actual size. It has
been claimed to be only a few tenths of MeV at the
nuclear surface from pion-nucleus scattering reactions
(Ericson & Weise 1988; Horikawa et al. 1980; Nakamura
et al. 2010), or practically the same as that of the nu-
cleon from photo-absorption reactions (Lehr et al. 2000),
or up to a 30% larger from inclusive electron-nucleus
scattering data (O’Connell & Sealock 1990). Moreover,
as mentioned e.g. in Drago et al. (2014b), phenomeno-
logical analyses of electron-nucleus reactions in the re-
gion of the ∆ excitation within a relativistic quantum
hadrodynamics mean field model provided the following
constraint (Wehrberger et al. 1989):
0 . xσ∆ − xω∆ . 0.2 . (17)
Taking this phenomenology into consideration, we will
explore how the composition and structure of NSs is
affected by small modifications of the coupling of the ∆
baryon to the σ and ω mesons around values similar to
those of the nucleon, i.e., taking xσ∆ and xω∆ within
the range [0.8 − 1.2]. No information is available for
the coupling of the ρ meson to the ∆ and, for the time
being, we will adopt the value xρ∆ = 1, although the
star properties for large variations of this unconstrained
parameter will also be explored.
In Fig. 1, we study the dependence of the onset density
(the lowest density at which a particle first appears)
of the ∆− and the Λ hyperon in β-stable matter as a
function of xω∆, for different values of xσ∆ and taking
xρ∆ = 1. Among the four ∆ particles, the ∆
− is the
first one to appear since, being negatively charged, it
can replace a neutron and an electron at the top of their
Fermi seas. The Λ is the hyperon that first appears,
owing to its lowest mass and to the fact that the Σ−
feels a repulsive interaction (Kohno et al. 2006).
For all chosen values of xσ∆, namely xσ∆ = 0.8 (dot-
ted lines), xσ∆ = 1 (dashed lines), and xσ∆ = 1.15 (solid
60.8 0.9 1 1.1 1.2 1.3
x
ω∆
0.2
0.4
0.6
0.8
n
 [f
m-
3 ]
Λ
∆−
∆− ∆−
Λ
Λ
x
σ∆= 0.8
x
σ∆= 1
x
σ∆= 1.15
Figure 1. Threshold densities of the Λ hyperon and the ∆−
particle as function of xω∆ for three different values of xσ∆,
fixing xρ∆ = 1.
lines), we find that the ∆− appears at smaller densities
than the Λ hyperon for the smaller values of xω∆. As
the value of xω∆ increases, the onset density of the ∆
−
also increases and that of the Λ decreases, leading to the
existence of a certain xω∆, for the given xσ∆, at which
both the ∆− and the Λ appear at the same density. For
larger xω∆, the Λ hyperon appears before the ∆
−, at
0.336 fm−3, which corresponds to the onset density of
the Λ in the FSU2H model without ∆ isobars (Tolos
et al. 2017a). We note that, if the constraint of Eq. (17)
is imposed, then we limit the range of validity of the
curves in Fig. 1 to cases in which the ∆− always ap-
pears first, delaying the appearance of the Λ hyperon
at a higher density than in the absence of ∆ isobars,
in agreement with the outcome of Drago et al. (2014b).
Note also that the curves are not very much extended
to the left, i.e., xσ∆ − xω∆ may not be reaching its up-
per boundary of 0.2, because we encounter situations
in which dP/d < 0 and the EoS becomes unstable.
The results of Fig. 1 can be easily understood from
the dependence of the ∆ baryon potential, defined as
U∆ = −gσ∆σ¯ + gω∆ω¯ + gρ∆I3∆ρ¯, (18)
on the σ and ω fields [see also Eq. (6)]. If gσ∆ increases,
the potential of the ∆− becomes smaller, as the con-
tribution of the σ field is attractive, thus favoring the
appearance of the ∆− at smaller densities, while large
values of gω∆ increase the ∆
− potential because of the
repulsive ω field, contributing to the opposite effect.
This is more clearly seen in Fig. 2, where the poten-
tials of the nucleons (UN = −gσN σ¯ + gωN ω¯ + gρNI3N ρ¯)
in pure neutron matter, shown in the upper left panel,
are compared to those of the ∆ particles (∆−, ∆0,
∆+, and ∆++) in the other panels. The conditions of
pure neutron matter resemble those found in β-stable
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Figure 2. Single-particle potentials of nucleons in pure neu-
tron matter (upper left panel), compared with those of the
∆ isobars, taking xσ∆ = xω∆ = 0.8 (upper right panel),
xσ∆ = xω∆ = 1 (lower left panel), and xσ∆ = xω∆ = 1.15
(lower right panel). We have taken the value xρ∆ = 1 in all
cases.
NS matter. Results are shown for three combinations
of the ratio parameters: xσ∆ = xω∆ = 0.8 (upper
right panel), xσ∆ = xω∆ = 1 (lower left panel), and
xσ∆ = xω∆ = 1.15 (lower right panel). We have taken
xρ∆ = 1 in all cases. As clearly seen in the upper left
panel of Fig. 2, the nucleon potentials are negative for
densities n . 0.4 fm−3, due to the dominance of the
attractive σ field in this region, and, conversely, they
are positive at higher densities when the repulsive ω
field overcomes the attractive σ field. Note that the po-
tentials of the different charged baryons in each isospin
family differ due to the isovector term gρρ¯ associated to
the ρ meson, which is negative in pure neutron matter.
Therefore, the proton potential is smaller than that of
the neutron. Similarly, when xσ∆ = xω∆ = xρ∆ = 1
(lower left panel of Fig. 2), out of the four charged ∆
states, the ∆0 and ∆+ potentials coincide with those
of the neutron and the proton, respectively, while the
∆− state is the one that feels a higher potential and the
∆++ feels the lowest one. From Fig. 2 we observe that if
xσ∆ = xω∆ = 0.8 (upper right panel of Fig. 2), the ∆
0
and ∆+ potentials are in size more moderate than the
corresponding neutron and proton ones, being less at-
tractive up to densities n ∼ 0.4 fm−3 and less repulsive
beyond that point. In particular, the smaller repulsion
at higher densities is the origin for the instabilities that
are found in β-stable NS matter, as we will see. These
instabilities are delayed in density if the ∆ couplings are
7the same as the nucleon ones but not enough to sustain
NSs with 2M. These massive NSs can be obtained
when we take xσ∆ = xω∆ = 1.15 (lower right panel of
Fig. 2), which produces more attractive ∆ potentials at
lower densities and more repulsive ones at higher densi-
ties.
In Fig. 3 we compare the particle fractions in β-stable
matter as functions of the baryon density for the FSU2H
EoS without including ∆ isobar degrees of freedom (first
panel) and for xσ∆ = xω∆ = 0.8 (second panel), 1
(third panel) and 1.15 (fourth panel), keeping in the
latter three cases xρ∆ = 1. One clearly sees the delay in
the appearance of the Λ hyperon caused by the presence
of the ∆−. As the couplings xσ∆ = xω∆ increase, the
∆− and ∆0 occur at a lower density since their corre-
sponding potential is lower due to the fact that, in this
density region, the size of the attractive σ field is still
larger than that of the repulsive ω field. Conversely, the
appearance of the ∆+ and ∆++ takes place at larger
density as xσ∆ = xω∆ is increased, since these two ∆
components enter at densities for which the repulsive ω
field dominates over the attractive σ field.
In general, our results are consistent with the findings
discussed in previous works, although with some notice-
able differences. In the case, for instance, of xσ∆ =
xω∆ = xρ∆ = 1 we find an onset density for the ∆
− of
0.27 fm−3, somewhat larger than the value 0.22 fm−3
reported in Li et al. (2018) and sensibly smaller than
the value 0.4 fm−3 quoted in Drago et al. (2014b). The
origin of these differences must be analyzed from the
condition µn + µe = µ∆− , which, at the onset density,
can be written as gρ∆ρ¯ +
√
k2Fn +m
∗2
n + µe = m
∗
∆− .
As discussed in Drago et al. (2014b), the fulfillment of
this condition depends on a delicate balance between
the value of the nuclear parameter L (density slope of
the symmetry energy), which controls the rise of the dif-
ference µn − µp and, hence, of µe, and the value of the
term gρ∆ρ¯, which is negative. A large L value favors a
lower onset density of the ∆− as µe increases, but the
negative field ρ¯ will also be larger, with the opposing
effect. One must also consider the particular value of
the coupling strength gρN . In general, models that have
a larger L value (implying a stiffer nuclear symmetry
energy), also have a more moderate gρN value, see To-
los et al. (2017a), so that they may end producing ∆−
particles at relatively low densities, as is the case in Li
et al. (2018). Models with lower L values (softer nu-
clear symmetry energy), which usually come with larger
gρN strengths, give rise to larger ∆
− onset densities, as
found here and in Drago et al. (2014b). It is thus fair to
say that the model dependence situates the appearance
of the ∆− in a density range [0.2 − 0.4] fm−3, also in
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Figure 3. Particle fractions as a function of the baryonic
density (in fm−3) within the FSU2H model including hy-
perons. The upper panel shows the results for the model
without ∆ isobars. The remaining three panels correspond
to the models with ∆-meson couplings xσ∆ = xω∆ = 0.8, 1
and 1.15, respectively, taking xρ∆ = 1.
line to what is found in the hyperon-free model of Cai
et al. (2015). It is also interesting to notice that the ∆−
partially replaces the role of the Σ− and Ξ− in compen-
sating the positive charge of the protons, which, in the
densities explored, leads to the absence of these hyper-
ons in the composition of the star when the ∆ isobars are
considered. The shifting of the hyperon onset to higher
densities when ∆ isobars are present is a well-known fact
(Drago et al. 2014a), but there is also a clear model de-
pendence in this delay, as the models discussed in Drago
et al. (2014b); Li et al. (2018) permit the appearance of
the Ξ− below n = 0.8 fm−3.
In Fig. 4 we show the dependence of the pressure ver-
sus the baryon density in the case of β-stable NS matter
for the four models discussed before. With respect to
the model without ∆ isobars, we clearly see that the
case xσ∆ = xω∆ = 0.8 becomes unstable beyond four
times nuclear matter density and therefore is unable to
sustain NS masses of 2M, as we will see. The insta-
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Figure 4. Pressure versus baryon density of β-stable NS
matter for the FSU2H model and various strengths of the
∆-meson couplings.
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Figure 5. Pressure versus baryon density of β-stable NS
matter for the FSU2H model, taking xσ∆ = xω∆ = 1.15 and
different values of the xρ∆ coupling.
bility is somewhat delayed for the case xσ∆ = xω∆ = 1,
whereas the case xσ∆ = xω∆ = 1.15 is well behaved for
all densities, giving rise to a somewhat softer EoS at in-
termediate densities and a stiffer EoS at higher densities
than the model without ∆ isobars.
We now explore the effect of the parameter xρ∆, which
has been so far kept to xρ∆ = 1. Since this parameter
is not constrained by experiments, a few studies (Cai
et al. 2015; Li et al. 2018) have varied its value within a
sizable range. In Fig. 5 we show three EoSs that corre-
spond to fixing xσ∆ = xω∆ = 1.15 and taking xρ∆ = 0,
1, and 2. Since the ρ field is negative, it makes the ∆−
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Figure 6. Mass versus radius profile for hyperonic NSs in
the FSU2H EoS without including ∆ isobars (dotted green
line) and for the EoS which includes ∆ degrees of freedom,
taking xσ∆ = xω∆ = 1.15 and xρ∆ = 0 (dashed red line),
xρ∆ = 1 (solid black line), and xρ∆ = 2 (dashed-double
dotted blue line). The horizontal shaded regions represent
the masses M = 1.97 ± 0.04M in the pulsar PSR J1614-
2230 (gray band) and M = 2.01±0.04M in the pulsar PSR
J0348+0432 (blue band).
less attractive, and hence larger values of xρ∆ postpone
the appearance of the ∆− state to larger densities. We
observe that the change of xρ∆ between 0 and 2 affects
the EoS mostly in the density range [0.2− 0.4] fm−3. In
this density range, the EoS is softer if xρ∆ is lower and,
consequently, intermediate size stars acquire a smaller
radius as they are easier to compress. At high densi-
ties above ∼0.4 fm−3, the EoS, in contrast, is somewhat
stiffer for a lower xρ∆ value. The compensating effect
between the change of the pressure at densities below
and above ∼0.4 fm−3 leaves the maximum mass of heavy
stars almost intact with the modification of xρ∆.
These effects are better seen in Fig. 6, where we com-
pare the mass-radius relation obtained for the FSU2H
EoS (without inclusion of ∆’s) with those obtained tak-
ing the strength ratios xσ∆ = xω∆ = 1.15, for which the
2M limit is fulfilled, and xρ∆ = 0, 1 and 2. We observe
that, as the value of xρ∆ is reduced, so is the radius of
the star, an effect that is magnified for stars with masses
around 1.5M reaching a reduction of 0.7 km, whereas
the maximum mass remains at 2M for the three xρ∆
values.
In Table 1 we summarize some NS properties obtained
with the different models explored in the present paper.
In the case of using the same meson couplings as those
of the nucleons, the presence of ∆ isobars decreases the
maximum mass, as well as the radius of a canonical star
9Table 1. Maximum mass, radius at maximum mass, central density, radius at M = 1.4M, and onset densities for the ∆−
baryon and the Λ hyperon. The results are shown for the FSU2H EoS with hyperons but without ∆’s, and for the EoS with
∆’s for the cases xσ∆ = xω∆ = 0.8 with xρ∆ = 1, xσ∆ = xω∆ = xρ∆ = 1, and xσ∆ = xω∆ = 1.15 with xρ∆ = 1, 2, 0.
Model Mmax/M R(Mmax) (km) nc (fm−3) R(1.4M) (km) Onset n∆−(fm
−3) Onset nΛ(fm−3)
FSU2H 2.01 12.13 0.87 13.30 - 0.33
xσ∆ = xω∆ = 0.8, xρ∆ = 1 1.75 12.40 0.68 13.03 0.28 0.41
xσ∆ = xω∆ = xρ∆ = 1 1.87 12.23 0.73 13.00 0.27 0.40
xσ∆ = xω∆ = 1.15, xρ∆ = 1 2.00 11.87 0.85 12.97 0.26 0.39
xσ∆ = xω∆ = 1.15, xρ∆ = 2 2.00 12.00 0.85 13.27 0.30 0.35
xσ∆ = xω∆ = 1.15, xρ∆ = 0 2.00 11.76 0.85 12.62 0.21 0.41
of M = 1.4M, with respect to the EoS without ∆
isobars. Increasing the xσ∆ and xω∆ parameters so as
to fulfill the maximum 2M condition, gives rise to more
compact stars, especially if a small value for xρ∆ is also
considered, hence producing canonical NSs with realistic
radii (Tolos et al. 2017a).
In Fig. 7 we summarize the constraints which the
strength ratios xσ∆ and xω∆ must fulfill to ensure the
existence of NSs compatible with the stability criterion
and with the observational results. Stable EoSs are
generated for parameters lying in the shaded blue re-
gion. The green region covers the configurations giving
maximum NS masses higher than 2M. The region en-
closed between the red lines indicates the combinations
of parameters that fulfill the experimental constraints
for the difference between xσ∆ and xω∆ (Wehrberger
et al. 1989), see Eq. (17). The dark brown region cor-
responds to the xσ∆ and xω∆ values for which all the
constrains are satisfied. We notice that this region im-
plies that the interaction between ∆ isobars and the σ
and ω meson fields must be 10%–30% larger than in the
case of nucleons. For xσ∆ ' xω∆ this implies a larger
(more negative) ∆ potential than the nucleonic potential
in symmetric nuclear matter at normal density. Thus,
whereas to date the laboratory experiments are not con-
clusive on the size of the ∆ potential with respect to the
nucleonic one (Ericson & Weise 1988; Horikawa et al.
1980; Nakamura et al. 2010; Lehr et al. 2000; O’Connell
& Sealock 1990), the astrophysical information appears
to clearly advocate for a more attractive potential for
the ∆ than for the nucleon.
In the next figure, Fig. 8, we show our results for
the mass-weighted tidal deformability λ˜ of a NS bi-
nary system [see Eq. (14)] as a function of the chirp
mass M = (M1M2)3/5 / (M1 +M2)1/5, where M1 and
M2 are the masses of the two stars of the binary.
The calculations are performed with our baseline EoS,
i.e., the FSU2H EoS without ∆ isobars, and with the
FSU2H EoS including the ∆ baryon with couplings
xσ∆ = xω∆ = 1.15 and xρ∆ = 0. We plot the pre-
Figure 7. Relation between the coupling ratios xω∆ and
xσ∆ (xρ∆ = 1) within the FSU2H model which lead to sta-
ble EoS (shaded blue region) and to maximum masses higher
than 1.998M (shaded green region). The experimental con-
straints on the difference between xω∆ and xσ∆ (Wehrberger
et al. 1989) (shaded red region) are also shown. The dark
brown shaded area corresponds to the region where all the
constraints are satisfied.
dictions for the cases M2 = 0.7M1 and M2 = M1,
accounting for the mass asymmetry range compatible
with the component masses M1 ∈ (1.36, 1.60)M and
M2 ∈ (1.16, 1.36)M reported by the LIGO-Virgo col-
laboration for the GW170817 NS merger (Abbott et al.
2019). For comparison we also display in Fig. 8 the
constraint on λ˜ from the GW170817 event at the mea-
sured chirp mass of M = 1.186+0.001−0.001M (Abbott et al.
2019). The latest analysis of the GW170817 data by
the LIGO-Virgo collaboration published in Abbott et al.
(2019), for the case of low-spin priors (which are more
consistent with the spin distribution of the population
of galactic NS binaries), has obtained for this NS merger
a dimensionless tidal deformability Λ˜ = 300+420−230 at 90%
confidence level (the new result refines the upper bound
Λ˜ . 800 reported in the initial data analysis (Abbott
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2019).
et al. 2017)). Assuming M2 = 0.7M1 and the measured
M value, Eq. (15) that relates Λ˜ with λ˜ leads to the
constraint on λ˜ that we show by the vertical arrow in
Fig. 8 (for M2 = M1 the lower and upper values of this
constraint on λ˜ are shifted downwards by 10%).
We can see in Fig. 8 that the result for λ˜ of the EoS
with hyperons but without ∆ isobars lies in the up-
per boundary of the GW170817 event. The inclusion
of the ∆ baryons has the effect of reducing the mass-
weighted tidal deformability for all values of interest of
the chirp mass. In particular, at the measured chirp
mass M = 1.186M the calculation of the tidal de-
formability with the EoS with ∆ isobars is compatible
with the GW170817 constraint on λ˜. The improvement
is due to the fact that the incorporation of ∆ isobars
softens the EoS at ∼1.25–2.5 times the saturation den-
sity n0. This softening is responsible for smaller radii
(the Love number k2 is also somewhat smaller with ∆
isobars) and, hence, it produces smaller tidal deforma-
bility values. Our conclusion is in agreement with a
recent study on the presence of ∆ isobars using another
type of density functionals that also include hyperons
(Li & Sedrakian 2019). Thus, the GW170817 event is
consistent with a merger of a binary NS system having
hyperons and ∆ isobars in the stellar core.
We conclude by displaying in Fig. 9 the NS moment of
inertia calculated from the EoSs without ∆’s and with
∆’s (with couplings xσ∆ = xω∆ = 1.15 and xρ∆ = 0).
The results have been obtained by solving Hartle’s slow-
rotation differential equation for the moment of inertia
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Figure 9. Neutron star moment of inertia as a function of
the star’s mass. The indicated constraints at 1.338M are
those of Landry & Kumar (2018) for the primary component
of the double pulsar system PSR J0737-3039.
in general relativity coupled to the TOV equations (Har-
tle 1967). Astronomical observations of binary pulsars
may provide information on the moment of inertia of
NSs, ultimately offering possible limits on the underly-
ing EoS (Lattimer & Schutz 2005). The only double-
pulsar system known to date is PSR J0737-3039. The
mass of its primary component PSR J0737-3039A, or
pulsar A, is of 1.338M. It is expected that a precise
measurement regarding the moment of inertia of this
slowly-rotating pulsar will be obtained in the near fu-
ture from radio observations of PSR J0737-3039 (Burgay
et al. 2003; Lyne et al. 2004). In a recent work, Landry
& Kumar (2018) use approximately universal relations
among NS observables (Yagi & Yunes 2013a,b), known
as the binary-Love and I-Love relations (recall that the
tidal deformability is related to the Love number), to de-
termine a range of 1.15+0.38−0.24×1045 g cm2 for I of pulsar
A from the 90% credible limits on the tidal deforma-
bility of a 1.4M NS reported by LIGO-Virgo from the
GW170817 event (Abbott et al. 2019). Landry & Kumar
(2018) also facilitate a wider range I ≤ 1.67×1045 g cm2
for I of pulsar A from the less restrictive upper limit on
the tidal deformability obtained by the LIGO-Virgo col-
laboration in their initial data analysis of GW170817 in
Abbott et al. (2017). We have plotted in Fig. 9 these
two constraints reported in Landry & Kumar (2018) for
I of pulsar A (we show both of the constraints because
there may be a certain dependence on the analysis and
on the assumed boundaries for Λ of a 1.4M star). We
can see in Fig. 9 that the moment of inertia is an ob-
servable highly sensitive to the existence of ∆ isobars in
the composition of the core of the star. The presence
of these particles, in particular for smaller values of the
coupling of the ∆ to the ρ-meson, improves the agree-
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ment with the constraints on the moment of inertia of
pulsar A, whose measurement is anticipated within the
next few years.
5. CONCLUSIONS
We have studied the implications of the appearance
of ∆ isobars in the interior of NSs. Within the newly
developed RMF model FSU2H (Tolos et al. 2017a,b)
which incorporates hyperons, we have employed phe-
nomenological analyses on electron-nucleus reactions in
the region of the ∆ excitation in order to constrain
the couplings between the ∆ isobars and the attrac-
tive σ meson and the repulsive ω meson to the range
0 . xσ∆−xω∆ . 0.2. In this manner, we have analyzed
the composition, mass, radius, and tidal deformabilities
of NSs as we incorporate the ∆ degrees of freedom.
The presence of the ∆− isobar in the composition
of the star systematically postpones the emergence of
the Λ hyperon to higher densities. Only if one relaxes
the constraint on the coupling of the ∆ isobars to the
σ and ω mesons, the Λ hyperon can appear for lower
densities than the ∆−. In fact, the ∆−, Λ and ∆0
baryons appear consecutively as the density of the stel-
lar core increases, whereas the ∆+ and ∆++ baryons
enter the composition at even higher densities. This
is due to the different β-stability conditions to be ful-
filled by the ∆ charge states, together with the different
charge-dependent single-particle potentials. It is to be
noted that the ∆− partially plays the role of the Σ−
and Ξ− hyperons in compensating the positive charge
of the proton, leading to the absence of these hyperons
in the composition of the NS in our EoS. Moreover, the
simultaneous increase of the coupling ratios xσ∆ and
xω∆ gives rise to lower values of the potential for the
∆− and the ∆0 states around densities of 2–3n0, allow-
ing for their earlier appearance in the composition, in
contrast to a delay of the entrance of the ∆+ and ∆++
states, as their single-particle potentials become more
repulsive for their onset densities above 3n0.
In order to fulfill the observations of massive NSs of
2M while having a stable solution for the EoS for all
densities studied, we have chosen xσ∆ = xω∆ = 1.15.
Compared to the original EoS without ∆ degrees of free-
dom, with these values we have obtained a softer EoS
at intermediate densities that becomes stiffer at higher
densities. As a consequence, NSs with smaller radii are
obtained while still reproducing the 2M observations.
Indeed, smaller values of the unknown xρ∆ coupling be-
tween the ∆ isobars and the isovector ρ meson lead
to smaller stellar radii compared to those obtained in
the original EoS. This is due to the extra softening of
the EoS for a smaller xρ∆ coupling, as the ∆
− state
becomes more attractive and appears at lower densi-
ties. These small values for radii favour smaller tidal
deformabilities, more consistent with the value derived
from the recent LIGO-Virgo gravitational-wave detec-
tion GW170817 accounting for the merger of two NSs
(Abbott et al. 2017, 2018, 2019). We also find that the
moment of inertia of slowly-rotating NSs displays a sig-
nificant dependence on the presence of ∆ isobars in the
star’s interior, which leads to a reduction of the calcu-
lated values for the moment of inertia.
We have extended our study to determine the param-
eter space of xσ∆ and xω∆ values compatible with a
stable EoS, the 2M observations and the phenomeno-
logical analyses on electron-nucleus reactions. We have
found that the interaction between the ∆ baryon and the
σ and ω fields must be 10–30% larger than in the case
of nucleons, which, in turn, implies that the astrophys-
ical information suggests that the ∆ potential is more
attractive than the nucleon potential at normal nuclear
matter density.
We end noting that the triple requirement imposed
by large maximum NS masses, small stellar radii and
the low value of the tidal deformability derived from
the GW170817 binary NS merger is a very demanding
challenge for the nuclear models of the EoS, especially
when the models include hyperons. In this work we
have seen that the consideration of ∆ degrees of freedom
significantly contributes to help reconcile the theoretical
EoS with all of the observational constraints.
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